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Abstract 7 
In this study, air, steam and CO2-enhanced gasification of rice straw was simulated using 8 
Aspen Plus
TM
 simulator and compared in terms of their energy, exergy and environmental 9 
impacts. It was found that the addition of CO2 had less impact on syngas yield compared with 10 
gasification temperature. At lower CO2/Biomass ratios (below 0.25), gasification system 11 
efficiency (GSE) for both conventional and CO2-enhanced gasification was below 22.1%, and 12 
CO2-enhanced gasification showed a lower GSE than conventional gasification. However at 13 
higher CO2/Biomass ratios, CO2-enhanced gasification demonstrated higher GSE than 14 
conventional gasification. For CO2-enhanced gasification, GSE continued to increase to 15 
58.8% when CO2/Biomass was raised to 0.87. In addition, it was found that syngas exergy 16 
increases with CO2 addition, which was mainly due to the increase in physical exergy. 17 
Chemical exergy was 2.05 to 4.85 times higher than physical exergy. The maximum exergy 18 
efficiency occurred within the temperature range of 800 
o
C to 900 
o
C because syngas exergy 19 
peaked in this range. For CO2-enhanced gasification, exergy efficiency was found to be more 20 
sensitive to temperature than CO2/Biomass ratios. In addition, the preliminary environmental 21 
analysis showed that CO2-enhanced gasification resulted in significant environmental benefits 22 
compared with stream gasification. However improved assessment methodologies are still 23 
needed to better evaluate the advantages of CO2 utilization.  24 
Keywords: CO2-enhanced gasification, Conventional gasification, Energy analysis, Exergy 25 
analysis, Environmental analysis, Biomass 26 
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1 Introduction 28 
Energy has become increasingly crucial for industrial sector worldwide. The utilization of 29 
energy has direct influence on energy consumption and environmental impacts [1]. The 30 
sustainable use of energy is one of the most important challenges that industries have to deal 31 
with nowadays. To address these challenges, energy, exergy and environmental analysis have 32 
been considered as effective tools for the assessment of the impacts of industrial processes [1, 33 
2], based on which solutions towards sustainable utilization of resources can be created. 34 
Generally speaking, gasification is an attractive thermochemical conversion technology for 35 
the recovery of energy from biomass [3, 4]. In a gasification system, biomass is converted to 36 
syngas, the composition of which depends on several factors, such as biomass properties, 37 
gasification technology and gasifying agent used. However, it is still of big challenge for the 38 
large scale utilization of biomass due to its low volumetric energy density [5]. Thus, the 39 
development of sustainable and energy efficient biomass conversion processes are vital to 40 
promote the utilization of biomass as an alternative energy source.  41 
In conventional gasification processes, air, oxygen, steam, and/or a mixture of these are 42 
commonly used as oxidizing agents. The air gasification of biomass generates syngas of low 43 
heating value, which can be used for the generation of heat and power [6, 7]. Normally, the 44 
use of pure oxygen and steam as gasifying agents can result in syngas with higher heating 45 
value. However, the use of pure oxygen is not favourable for biomass gasification due to the 46 
significant capital cost required. It is also reported that the use of steam as the gasifying agent 47 
showed better performance than the use of air and oxygen as gasifying agents [8, 9].  48 
Recently, due to the concerns on CO2 mitigation, the use of carbon dioxide (CO2) as an 49 
oxidizing agent in biomass gasification has become a new frontier for the research on biomass 50 
conversion as well as CO2 utilization. Much effort has been made on biomass gasification 51 
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using CO2 as a gasifying agent [10-16] which mainly focuses on the study of gasification 52 
reactivity [11, 17] and gasification characteristics [12, 18] in general. It is reported that the 53 
addition of CO2 in gasification process has shown many advantages such as greater syngas 54 
yield and the capability of tuning its composition for different applications [10, 14]. CO2-55 
enhanced gasification has also demonstrated benefits such as the elimination of water gas shift 56 
process and energy intensive gas cleaning process. Thermodynamic analysis of biomass 57 
gasification using steam or air as gasifying agent had been carried out by many researchers 58 
[19-22], the results of which demonstrated the benefits of these processes in the design and 59 
optimisation of energy efficient process. However, not much research on thermodynamic 60 
analysis of CO2 gasification of biomass has been conducted [10, 23]. In order to improve the 61 
design of efficient biomass-based gasification process using CO2 as the gasifying agent, it is 62 
essential to understand such processes in terms of energy, exergy and environmental impacts.  63 
Exergy analysis is an interdisciplinary concept that combines energy, environment and 64 
sustainable development notions [24, 25], and has been used to identify opportunities for 65 
process improvement and to evaluate different process alternatives [2, 26]. Recently, exergy 66 
analysis of biomass-gasification based process has attracted much attention due to the 67 
potential of biomass as a feedstock or an energy resource [3, 27-30]. Many researchers [27, 68 
31, 32] performed exergy analysis to examine gasification performance of different types of 69 
biomass and benchmark with respect to coal gasification. A comparative study of exergy 70 
analysis of biomass gasification with steam/air [9] showed that the use of steam as gasifying 71 
agent resulted in a higher exergy efficiency. Although exergy analysis is a useful tool for 72 
evaluating the effectiveness of energy conversion processes, its application in CO2-enhanced 73 
biomass gasification is hardly explored. Therefore, further investigation on this matter is 74 
needed [24]. 75 
Life Cycle Assessment (LCA) is a commonly adopted method for the evaluation of 76 
environmental impacts associated with all stages of a process or a product [3, 33]. It is also be 77 
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used to assess the environmental impacts of biomass gasification process [3, 34-36] by 78 
evaluating all CO2 related inputs and outputs of the system. However, not much research on 79 
the environmental analysis of CO2-enhanced biomass gasification has been carried out based 80 
on LCA approach.  81 
In this study, energy and exergy analyses were conducted to compare the performance of 82 
conventional and CO2-enhanced gasification of rice straw. Environmental analysis was also 83 
carried out using SimaPro software to evaluate and compare these two gasification options in 84 
terms of their environmental impacts. 85 
2 Methodology 86 
2.1 Feedstock selection 87 
In this study, rice straw was used as the biomass feedstock. Its basic properties are listed in 88 
Table 1 [13, 37]. 89 
2.2 Biomass gasification process 90 
The simulation of biomass gasification was conducted using Aspen Plus
TM
 software (Aspen 91 
Tech Inc., USA). Proximate and ultimate analyses data and LHV of the biomass are the inputs 92 
of the gasification model. The mass and energy balance obtained using Aspen Plus
TM
 form the 93 
basis for the energy, exergy and environmental analysis. In this work, the gasifier simulation 94 
was separated into two reactors (RYield and RGibbs). Firstly, biomass stream enters the 95 
Decomposer (RYield) block, which converts the non-conventional solid into fundamental 96 
elements (C, H, O, N, S, moisture and ash). This is not a true stand-alone reactor but integral 97 
part of the gasification reactor. The output from the Decomposer block combined with 98 
oxidizing agents (steam and CO2) is then fed to the Gasifier (RGibbs) block. Accordingly, it 99 
generates the gas products (CH4, H2, CO, CO2, NH3, H2O, H2S, and N2) which exist in the 100 
gasifier outlet stream. 101 
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In addition, it was assumed that ash was discharged into the environment at ambient 102 
temperature. Details of this gasification model are explained elsewhere [5, 10, 28, 38-41]. 103 
General schema of the biomass gasification process is illustrated in Figure 1. The separation 104 
of gases and ash was carried out using a Separator (SSplit) unit and the exit gas was syngas, 105 
which was ready for further applications. The model developed in this study was validated 106 
using data published by many other researchers [28, 40, 41]. It was found that the model 107 
showed a good agreement with what were reported by others with a deviation in the range of 108 
4% to 9%.  109 
In this study, it was assumed that 40,000 kg/h of biomass was fed into the gasification system. 110 
The operating pressure and temperature were assumed to be 25 °C and 1 atm, respectively. 111 
Usually, fluidized bed biomass gasification is operated at a temperature in the range of 750 - 112 
1100 °C and the corresponding oxidizing agent/biomass mass ratio is 0.30 - 0.40. In this study, 113 
a fluidized bed gasifier was adopted. Steam was considered as the main gasifying agent used 114 
in conventional gasification process due to its good gasification performance [8, 9], which 115 
was used as a benchmark for the evaluation of CO2-enhanced gasification. The flow rate of 116 
steam (150 °C and 5 atm) was 12,000 kg/h, while the flow rate of CO2 (25 °C and 1 atm) was 117 
10,000 kg/h. The gasifier was operated at 1 atm and 900 °C.  118 
2.3 Gasification reaction analysis 119 
The main gasification reactions under steam and CO2 atmosphere are shown below: 120 
Reverse Boudouard reaction (RBD): 121 
   ΔHr
0 
= + 172 MJ/kmol  (1) 122 
Steam reforming (SR): 123 
  ΔHr
0 
= + 131 MJ/kmol  (2) 124 
COCOC 22 
22 HCOOHC 
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Partial Oxidation (PO): 125 
   ΔHr
0 
= - 221 MJ/kmol  (3) 126 
Water gas shift reaction (WGS): 127 
  ΔHr
0 
= - 41 MJ/kmol   (4) 128 
Methane formation (MF): 129 
   ΔHr
0 
= - 74 MJ/kmol   (5) 130 
Methane reforming (MR) 131 
  ΔHr
0 
= + 206 MJ/kmol  (6) 132 
 ΔHr
0 
= + 165 MJ/kmol  (7) 133 
2.4 Exergy analysis 134 
Exergy balance for the above-mentioned system can be expressed as [9, 42]: 135 
𝐸?̇?_𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐸?̇?_𝑎𝑔𝑒𝑛𝑡 + 𝐸?̇?_ℎ𝑒𝑎𝑡 = 𝐸?̇?_𝑔𝑎𝑠 + 𝐸?̇?_𝑙𝑜𝑠𝑠 + 𝐸?̇?_𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 (8) 136 
where, 𝐸?̇?_𝑏𝑖𝑜𝑚𝑎𝑠𝑠, 𝐸?̇?_𝑔𝑎𝑠 and 𝐸?̇?_ℎ𝑒𝑎𝑡 denote the existence of exergy rates in biomass, 137 
product gases and heat delivered to gasifier, respectively. Meanwhile, 𝐸?̇?_𝑎𝑔𝑒𝑛𝑡 represents 138 
exergy rates of oxidizing agents in gasification process. 𝐸?̇?_𝑎𝑔𝑒𝑛𝑡 depicts the exergy rate in 139 
the steam in conventional gasification  and represents exergy rates for both steam and CO2 in 140 
CO2-enhanced gasification. The exergy loss rate and destruction rate from the system are 141 
expressed by𝐸?̇?_𝑙𝑜𝑠𝑠 and 𝐸?̇?_𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛, respectively. 142 
COOC 22 2 
222 HCOOHCO 
422 CHHC 
224 3HCOOHCH 
2224 42 HCOOHCH 
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By neglecting the kinetic and potential energy of a stream, the total exergy in a stream can be 143 
calculated by the summation of physical (𝐸?̇?𝑃ℎ𝑦) and chemical exergy rate (𝐸?̇?𝐶ℎ𝑒) of the 144 
stream [9, 43] which can be expressed as: 145 
𝐸?̇? = 𝐸?̇?𝑃ℎ𝑦 + 𝐸?̇?𝐶ℎ𝑒        (9) 146 
Physical exergy rate, chemical exergy rate and their standard parameters have been well-147 
described elsewhere [9, 28, 43, 44].  148 
On the other hand, biomass exergy rate  is written as [9]:  149 
𝐸?̇?_𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝛽 ∙ ?̇? ∙ 𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠        (10) 150 
where, ?̇? is biomass flow rate (kg/s), β is the ratio between chemical exergy and LHV of the 151 
organic fraction of biomass, and LHVbiomass (kJ/kg) is the low heating value of biomass. 152 
The value of β can be determined using Eq. (11) by correlating the mass fractions of 153 
Carbon(C), Hydrogen(H), Nitrogen (N) and Oxygen(O) of the biomass [9, 27]. 154 
)/4124.01/(]/0493.0
)/0531.01()/(3493.0/0160.0044.1[
COCN
CHCOCH


   (11) 155 
Furthermore, the relationship between LHV (MJ/kg) and HHV (MJ/kg) of biomass can be 156 
written as follows [9]. 157 
HLHVHHV  978.21         (12) 158 
where the mass fraction of hydrogen in biomass is represented by H. 159 
2.5 Energy and exergy efficiencies 160 
Normally, to evaluate performance of conventional gasification system, cold gas efficiency 161 
(CGE) was used, which was also adopted in this study for the evaluation of both conventional 162 
and CO2-enhanced gasification of biomass. The CGE refers to the fraction of energy stored in 163 
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the biomass feed that is converted into energy of the produced syngas, which is calculated as 164 
follows: 165 
biomassbiomass
synsyn
CGE
LHVm
LHVm


         (13) 166 
A new index, gasification system efficiency (GSE), was also used in this study to better 167 
evaluate non-conventional gasification processes, which is determined using following 168 
equation [10]: 169 
321
4
QQQLHVM
QLHVM
GSE
biomassbiomass
syngassyngas


       (14) 170 
where Q1, Q2, Q3 are the energy consumption for steam generation, CO2 production and 171 
gasification process (kJ/h), respectively, whereas Q4 is the thermal energy content in syngas 172 
(kJ/h). 173 
Carbon conversion efficiency (CCE) can be expressed as follows: 174 
 
 
100
%1
4.22/12%%%1000 24




CXW
COCOCHV
ash
gas
CCE    (15) 175 
where CH4%, CO%, CO2% (vol%) are the gas concentration and Vgas (Nm
3
/h) is the flow rate 176 
of dry product gas. W, Xash and C% represent the flow rate of dry biomass (g/h), the ash 177 
percentage in the feed and the amount of carbon in the biomass, respectively. 178 
The exergy efficiency of gasification system can therefore be calculated by Eq. (16): 179 
𝜂𝑒𝑥
𝐺𝑎𝑠𝑖𝑓𝑖𝑒𝑟 =
𝐸?̇?_𝑔𝑎𝑠
𝐸?̇?_𝑏𝑖𝑜𝑚𝑎𝑠𝑠+𝐸?̇?_𝑎𝑔𝑒𝑛𝑡+𝐸?̇?_ℎ𝑒𝑎𝑡
     (16) 180 
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2.6 Environmental assessment 181 
Environmental analysis was performed to compare the two scenarios: conventional 182 
gasification (scenario 1) and CO2-enhanced gasification (scenario 2). Some of the input data 183 
for environmental analysis were extracted from Aspen Plus
TM
. A comparison between these 184 
two scenarios showed that using CO2 as the gasifying agent had significant influence on 185 
energy and exergy efficiency. 1 Nm
3
 of syngas produced through conventional and CO2-186 
enhanced gasification of rice straw was chosen as the functional unit in this present work. The 187 
scope of the study encompassed three stages: (1) collection of biomass for gasification 188 
system, (2) production of syngas from the gasifier and (3) recovery of heat from syngas. In 189 
terms of system boundary, it covered biomass as feedstock, supply of gasification agents, the 190 
energy requirement of all gasification units, heat recovery, CO2 utilization and syngas 191 
production. The CO2 and CH4 gases were considered as the main greenhouse gases (GHG) for 192 
the assessment of environmental impact.  193 
The environmental impact assessment was undertaken using the ReCiPe 2008 v.1.09 method 194 
embedded in SimaPro 8.0.2 software. There are eighteen categories of impacts being 195 
considered for the midpoint level [45], such as, human toxicity, marine ecotoxicity, fossil fuel 196 
depletion, terrestrial acidification etc. The further transformation and accumulation of most of 197 
the midpoints are categorized at the endpoint levels, which are as follows:   198 
(a) damage to human health;  199 
(b) damage to the diversity of ecosystem ; and,  200 
(c) damage to resource availability. 201 
3 Results and discussion 202 
3.1 Effect of CO2 addition and gasification temperature on syngas composition 203 
The comparison of using air and steam as gasifying agent is shown in Table 2, which is used 204 
as benchmark for CO2-enhanced gasification. It is evident that the use of steam as the 205 
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gasifying agent with external heat input to the gasification system demonstrated better 206 
gasification performance than the use of air as the gasifying agent, which is consistent with 207 
what was reported by other researchers [8, 9].  208 
Table 2 shows the composition of H2, CO, CO2 and CH4 at various CO2/Biomass ratios when 209 
temperature, pressure and steam/Biomass ratio were kept constant. Syngas composition under 210 
CO2-enhanced gasification (represented by CO2) is presented together with that of 211 
conventional gasification (represented by Con) under the same operating conditions, i.e. T = 212 
900 °C, P = 1 atm and steam/Biomass mass ratio = 0.3. 213 
Regardless of the level of temperature, pressure and steam/Biomass ratio, when CO2 is added, 214 
the percentage of H2 and CH4 decreases whilst the percentage of CO increases. Therefore, 215 
H2/CO ratio in syngas decreases. The enhancement of CO production with the increase of 216 
CO2 concentration is attributed to the RBD and WGS reactions. The amount of methane in 217 
syngas decreases as H2 and CO are formed via the reaction between steam and methane. The 218 
RBD reaction also favours the formation of more CO2, which competes with methane 219 
formation reaction. As most of the gasification reactions are endothermic, the product gas 220 
composition is sensitive to changes in temperature, which is a crucial parameter for biomass 221 
gasification. The impact of temperature on syngas composition for both conventional and 222 
CO2-enhanced gasification is shown in Table 3. 223 
For both conventional and CO2-enhanced gasification, H2 concentration increases sharply 224 
when gasification temperature increases, whilst CO2 concentration shows a reversed trend. 225 
The concentration of CO increases considerably as the temperature rises and reaches the 226 
maximum at around 900 °C for both cases. The concentration of CH4 decreased steadily 227 
within the temperature investigated in this study. When temperature is in the range of 500 °C 228 
to 600 °C, endothermic char gasification and steam-reforming reactions are very slow so that 229 
the pyrolysis of rice straw plays a more significant role.  230 
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Researchers have found that CH4 in syngas are mainly a product of pyrolysis [38, 40, 46]. 231 
With the increases of gasification temperature, the endothermic reactions are enhanced based 232 
on Le Chatelier’s principle. The endothermic reactions (2), (6) and (7) contributed to the 233 
increase of H2 while the CO formation increases because of the enhanced reactions (1) and (2) 234 
(at higher temperature). Meanwhile, CO is generated via reverse WGS reaction (reaction 4). 235 
Under CO2 gasification, the addition of CO2 inhibits reaction (7) and favours reaction (1). It 236 
also inhibits reaction (4) from forming more CO. Therefore, more CO exists in the gas phase; 237 
hence, reaction (2) is inhibited. In steam gasification, reaction (2) is enhanced as well as WGS 238 
reaction. In addition, the strengthened endothermic MR reaction (reaction (6)) results in the 239 
decrease of CH4 [38, 40].  240 
Figure 2 is the three-dimensional surface plot showing the effect of both temperature and 241 
CO2/Biomass ratio on syngas yield. It is clear that syngas yield is influenced by gasification 242 
temperature as well as CO2/Biomass ratio. Syngas (CO+H2) yield increased with the increase 243 
in temperature for all CO2/Biomass ratios, especially at lower temperatures. This might be 244 
caused by the more dominant effect of temperature on endothermic gasification reactions. 245 
Regarding the influence of CO2/Biomass mass ratio on syngas production, it can be seen that 246 
at 600 ºC and a CO2/Biomass mass ratio of 0.125, the yield of CO+H2 was 0.69 Nm
3
/kg of 247 
biomass, whilst at the same temperature but a higher CO2/Biomass ratio of 0.875, syngas 248 
yield was 0.77 Nm
3
/kg of biomass. The increase in CO2/Biomass ratio from 0.125 to 0.875 at 249 
the 700 ºC resulted in 22.0% higher yield of CO+H2, which was the highest among the 250 
temperature range investigated. However, at higher temperatures the benefits of adding more 251 
CO2 under the same temperature became insignificant. When temperature was raised to 900 252 
ºC, no obvious change was found in the yield of CO+H2, which could be attributed to the 253 
balance between the two competing reactions, reverse Boudouard reaction and water gas shift 254 
reaction. It is therefore clear from Figure 2 that for CO2-enhanced gasification process the 255 
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influence of CO2 addition at lower temperatures was more significant than at higher 256 
temperatures.  257 
3.2 Energy analysis 258 
CGE is one of the important parameters to show the performance of the gasifier. It provides 259 
the percent change of chemical energy contained in the gas yielded than that of the fuel. 260 
Figure 3 illustrates the effect of CO2/Biomass ratio on CGE when the other parameters are 261 
kept constant.  262 
The CGE value depends on the gas yield and the volumetric percentage of CO, CO2, and CH4 263 
in the syngas. It is clear from Figure 3 that the CGE of CO2-enhanced biomass gasification 264 
increases with CO2/Biomass ratio. Generally, the CGE increases with CO2 addition. This is 265 
because of the rising partial pressure of CO2 enhances carbon conversion. Hence, higher 266 
efficiencies can be achieved by selecting a proper CO2/Biomass ratio. Compared to 267 
conventional gasification, CGE of CO2-enhanced gasification is higher and this phenomenon 268 
is directly related to CO2/Biomass ratio. Since CGE does not take into account the heat input 269 
to the gasifier, it is not applicable for the evaluation of the viability of CO2 addition as the 270 
extra energy required (mainly in the gasifier) might offset the advantage of additional syngas 271 
production. Therefore, in this study, the GSE, an indicator that considers energy input in the 272 
process [10], was adopted for the evaluation of CO2-enhanced gasification process.  273 
Figure 4 shows the effect of CO2 addition on GSE. It can be seen from Figure 3 and Figure 4 274 
that at the same operating conditions, GSE is 50% lower than the CGE. Although the addition 275 
of CO2 resulted in the increase of syngas production, this might have significant influence on 276 
energy consumption of the entire gasification system. At lower CO2/Biomass ratios, i.e. 0.125 277 
and 0.25, the GSE values for conventional gasification were higher than that of CO2-enhanced 278 
gasification. This suggests that CO2 addition had more significant impact on energy 279 
requirement. In contrast, with the increase in CO2/Biomass ratio, which resulted greater in 280 
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syngas production, less energy was required and consequently, GSE values increased. The 281 
aforementioned results deduce that CGE cannot be used to assess the advantages of CO2 282 
addition. Based on previous discussion, it is clear that GSE is a better index to assess the 283 
performance of CO2-enhanced gasification process. It is clear from Figure 4 that the addition 284 
of more CO2 in the gasification process contributed to an improved GSE. When CO2/Biomass 285 
ratio exceeded 0.37, the GSE of CO2-enhanced gasification became greater than that of 286 
conventional gasification. 287 
3.3 Exergy analysis 288 
Figure 5 illustrates the change of syngas exergy by changing CO2/Biomass ratio when other 289 
parameters are kept constant. Syngas exergy for both CO2-enhanced gasification and for 290 
conventional gasification is also shown in Figure 5. For individual CO2/Biomass ratios, the 291 
product gas showed higher chemical exergy values compared with its physical exergy ones. 292 
Although for each ratio, chemical exergy of the conventional process was lower than that of 293 
the CO2 process, the physical exergy of the CO2-enhanced process was higher than that of the 294 
conventional process. Overall, as it can be seen from Figure 5 that exergy of syngas increased 295 
with CO2/Biomass ratio.  296 
When CO2/Biomass ratio was 0.125, the chemical exergy values were 4.85 times higher than 297 
the physical exergy value as a result of lower enthalpy values in the product gases. In contrast, 298 
the heating values were considerably high. The effect of gasification temperature on syngas 299 
exergy for both conventional and CO2-enhanced biomass gasification is shown in Figure 6. 300 
The syngas exergy increases for both cases due to the increase in syngas yield. It can be seen 301 
that syngas exergy exhibited a maximum between 800 to 900 
o
C because of the high 302 
concentration of H2 and CO2 in syngas (as shown in Table 3). This suggests that carbon was 303 
completely consumed in the temperature range mentioned [22]. Thereafter, the maximum 304 
experiences a decrease due to the generation of gaseous CO and H2, contributed by the 305 
reduction of physical exergy values. Above this maximum value, syngas exergy decreased, 306 
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which was due to insufficient compensation between the decrease in syngas exergy and the 307 
increase in chemical exergy. By comparing conventional and CO2-enhanced gasification, it is 308 
clear that syngas exergy was equally sensitive to temperature variation. Thus, the significant 309 
influence of gasification temperature and CO2 addition on syngas exergy is better explained 310 
by Figure 7, which presents a three-dimensional surface plot for syngas exergy efficiency 311 
with respect to temperature and CO2/Biomass ratio. The surface plot shows that at the same 312 
temperature, exergy efficiency increases with CO2 addition.  313 
On the other hand, exergy efficiency increased with temperature and reached a maximum at a 314 
temperature ranging from 800 °C to 900 °C, which could be attributed to the complete 315 
conversion of carbon. Beyond that temperature range, the efficiency decreased which was 316 
explained in previous discussion. The curve also indicates that gasification temperature has 317 
more significant impact than CO2/Biomass ratio on syngas exergy efficiency. Therefore, 318 
Figure 7 provides an abstraction of operation window of the gasification process at different 319 
temperatures and CO2/Biomass ratios in order to obtain an optimum process conditions. The 320 
exergetic efficiency of a system can be improved by several ways, such as adding a 321 
preheating process for the reactants, reducing the temperature gradient of the combustor, and 322 
using sample with less ash content.   323 
3.4 Environmental analysis 324 
In this study, LCA-based environmental analysis was carried out to compare conventional and 325 
CO2-enhanced biomass gasification in terms of their environmental impacts. Figure 8 and 326 
Figure 9 show the environmental impacts under optimal process conditions in the mid-points 327 
and end-points, respectively.  328 
It is apparent that CO2-enhanced gasification produces lower environmental impacts than 329 
conventional gasification. The utilization of CO2 is the key concern in the evaluation of 330 
environmental impacts of a process. When CO2 was used as a gasifying agent, the gasification 331 
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process showed clear advantages over conventional gasification, indicating a considerable 332 
reduction of the total environmental impact. According to Figure 8, the human toxicity and 333 
marine ecotoxicity were the most significant causes in mid-point category, the impacts of 334 
which were greater than conventional gasification, despite that the energy consumption was 335 
lower. In contrast, impact corresponds to climate change and fresh water ecotoxicity were 336 
almost identical for both conventional and CO2-enhanced gasification.  337 
Conventional biomass gasification showed greater environmental impact than CO2-enhanced 338 
on the use of resources followed by human health and ecosystem as illustrated in Figure 9. 339 
This is due to the impact generated by extra energy requirement in CO2-enhanced process was 340 
compensated by the amount of steam generated and CO2 utilized. Consequently, CO2-341 
enhanced process exhibited a better environmental performance. In Figure 9, it is clear that 342 
human health experienced the highest impact for both processes whereas the resources were 343 
slightly lower than the human health. Then, the environmental impact of ecosystems was 344 
found to be the lowest, which was around 50% lower than the impacts on human health. 345 
Hence, the results represented the relative influence of each process on different impact 346 
categories. 347 
3.5 Practical applications of CO2-enhanced gasification 348 
In most syngas applications, H2/CO ratio and the amount of contaminants, particularly CO2, 349 
are the crucial factors. It can be seen from Figure 10 that a desired H2/CO ratio and an 350 
acceptable CO2 percentage in syngas could be achieved using CO2 as a gasifying agent. 351 
Consequently, WGS reactor could be avoided. Moreover, the utilization of CO2, which is 352 
considered as a GHG, had a positive effect on the environment. The production of DME via 353 
biomass gasification can be considered as one of the potential applications for CO2-enhanced 354 
biomass gasification (as shown in Figure 11). The diagram illustrates the production of DME 355 
production based on conventional and CO2-enhanced gasification. It is obvious in Figure 11 356 
that by using CO2 as the gasifying agent in biomass gasification, the desired H2/CO ratio 357 
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and %CO2 can be achieved. Hence, due to the avoidance of WGS unit in downstream, techno-358 
economic aspect of the entire process could be significantly improved. 359 
4 Conclusions 360 
In this study, it was found that gasification performance was significantly influenced by 361 
CO2/Biomass ratio and gasification temperature. The optimal CO2/Biomass ratio and 362 
gasification temperature were found to be 0.25 and 900 
o
C. The result also indicated that the 363 
temperature has more significant effect on syngas yield than CO2 addition. CGE of CO2-364 
enhanced gasification was higher than that of conventional gasification, and this trend was 365 
directly related to CO2/Biomass ratio. At lower CO2/Biomass ratios, GSE for conventional 366 
gasification was higher than that of CO2-enhanced gasification.  367 
The syngas exergy increased with CO2/Biomass ratio. In the gas product, the chemical exergy 368 
values were found to be 2.05 – 4.85 times higher than that of their respective physical exergy 369 
values. For CO2-enhanced gasification, the exergy efficiencies were more sensitive to 370 
temperature than CO2/Biomass ratios. Regarding the environmental impacts, at mid-points 371 
impacts categories, CO2-enhanced gasification resulted in lower environmental impacts than 372 
conventional gasification, mainly due to less human toxicity and marine ecotoxicity caused. 373 
Similar results were found for end-points impacts categories, which were attributed to the use 374 
of resource, human health and ecosystem. It is shown that CO2-enhnaced gasification process 375 
has the potential to significantly improve the cost efficiency and minimize environmental 376 
impacts of DME production. 377 
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Table 1: Basic properties of rice straw. 502 
Higher heating value (MJ/kg) 16.0 
Proximate analysis (wt. %)  
Moisture 8.9 
Volatile matter 69.8 
Fixed carbon 9.5 
Ash 11.8 
Ultimate analysis 
a,b
 (wt.% )  
C 45.1 
H 6.2 
O
c
 32.0 
N 3.1 
S 0. 6 
a
Dry basis. 
b
Ash free basis. 
c
By difference. 
 503 
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Table 2 Effect of CO2 addition on syngas composition Unit: mole 505 
 
H2 CO CO2 CH4 
Conventional (air) 0.47 0.38 0.03 3.80E-04 
Conventional (steam) 0.54 0.37 0.03 6.40E-04 
CO2 
C/B= 0.12 0.50 0.38 0.04 4.00E-04 
C/B= 0.25 0.47 0.38 0.05 2.73E-04 
C/B= 0.37 0.44 0.39 0.06 1.96E-04 
C/B= 0.50 0.41 0.39 0.07 1.46E-04 
C/B= 0.62 0.39 0.39 0.09 1.12E-04 
C/B= 0.75 0.36 0.39 0.10 8.69E-05 
C/B= 0.87 0.34 0.40 0.11 6.87E-05 
 506 
507 
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Table 3 Effect of gasification temperature on syngas composition (P= 1 atm, 508 
steam/Biomass= 0.3 and CO2/Biomass=0.25) 509 
Gas Component H2 CO CO2 CH4 
600°C 
Conventional 0.39 0.09 0.16 9.70E-02 
CO2 0.35 0.11 0.20 7.80E-02 
700°C 
Conventional 0.49 0.24 0.09 4.29E-02 
CO2 0.44 0.27 0.12 3.46E-02 
800°C 
Conventional 0.53 0.35 0.04 1.28E-02 
CO2 0.47 0.36 0.06 6.61E-03 
900°C 
Conventional 0.54 0.36 0.03 1.69E-03 
CO2 0.47 0.38 0.05 7.41E-04 
1000°C 
Conventional 0.54 0.37 0.02 2.59E-04 
CO2 0.47 0.39 0.04 1.09E-04 
1100°C 
Conventional 0.53 0.37 0.02 5.13E-05 
CO2 0.46 0.39 0.04 2.11E-05 
 510 
511 
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 512 
Figure 1 General schema of biomass gasification process. 513 
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 515 
Figure 2 Syngas yield versus gasification temperature and CO2/Biomass ratio. 516 
 517 
 518 
 519 
 24 
 520 
 521 
Figure 3 Effect of CO2 addition on CGE of conventional (Con) and CO2-enhanced (CO2) 522 
gasification 523 
  524 
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 525 
Figure 4 Effect of CO2 addition on GSE of conventional (Con) and CO2-enhanced (CO2) 526 
gasification  527 
528 
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 529 
Figure 5 Effect of CO2 addition on syngas exergy (Con: conventional, CO2: CO2-530 
enhanced) 531 
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 533 
Figure 6 Effect of gasification temperature on syngas exergy (Con: conventional, CO2: 534 
CO2-enhanced) 535 
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 538 
 539 
Figure 7 Exergy efficiency versus gasification temperature and CO2/Biomass ratio. 540 
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 543 
Figure 8 Environmental impact (ReCiPe) caused in different impact categories (mid-544 
points) – conventional biomass gasification (first column) and CO2-enhanced biomass 545 
gasification (second column). 546 
547 
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 548 
Figure 9 Environmental impact (ReCiPe) caused in the end-points - conventional 549 
biomass gasification (first column) and CO2-enhanced biomass gasification (second 550 
column). 551 
552 
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 553 
Figure 10 Effect of CO2 addition on H2/CO ratio and CO2 concentration. 554 
  555 
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 556 
Figure 11 Diagram of single-step DME production via biomass gasification (a) 557 
conventional process [39] and (b) CO2-enhanced process. 558 
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